To ensure comparability among leaf fresh mass measurements it is important to handle the leaves in a standardized manner. In the present work constraints of a commonly used method to achieve full turgor, storage between damp paper towels, were investigated. After overnight rehydration in a saturated atmosphere, the fresh mass of leaves of 14 species was measured, and the leaves were stored between paper towels (two treatments: moist and wet) at 4°C. Their mass was measured after 24, 48, and 72 h. Leaf fresh mass increased during the first 24 h of storage between moist paper towels by an average of 1.8%, between wet towels by 3.3%. Among the species, the increase of leaf fresh mass between moist towels correlated with the species' desiccation propensity, indicating that it was rehydration from water loss during initial handling. On the other hand, between wet towels the fresh mass increase was associated with the species' leaf tissue structure, and it continued to increase beyond 24 h, indicating that the increase was a result of water penetration into the leaf air spaces. It is concluded that storage between moist paper towels results in reliable values of leaf fresh mass, and that desiccated leaves rehydrate well between moist towels. However, care has to be taken to avoid too wet conditions as they may lead to erroneously high fresh mass values, especially in species with large air spaces. Furthermore, exposure to unsaturated atmospheric conditions during handling has to be minimized.
Introduction
Leaf fresh mass is a commonly measured variable in ecological and ecophysiological research. It is used in the calculation of plant water status (Stocker, 1929; Barrs, 1968; Jones, 2007) , for calculations of leaf dry matter content as an anatomical and ecological trait (Evans, 1972; Ryser and Lambers, 1995; Shipley, 1995; Wilson et al., 1999) , to analyse element concentrations in intact tissues (Shane et al., 2004) , for quantification of substances requiring extraction from fresh tissue (Becana et al., 1986) , or to estimate thickness of laminar leaves (Vile et al., 2005) . The measurement of fresh mass is not trivial, as leaf water content fluctuates diurnally (Romero and Botia, 2006) , and leaves easily lose water after harvesting. As a base for the above-mentioned calculations the mass of fully turgid leaves is required (Stocker, 1929; Barrs, 1968; Garnier et al., 2001) . Determination of full turgor can be difficult for species with elastic walls, and a standardization of the method used for attaining full turgor is required (Evans, 1972) . Stocker (1929) describes a procedure for rehydration of a plant in order to measure leaf mass at full turgor. After transportation from the field to a laboratory in an air-tight container, the leaves or small branches are cut under water and the cut ends placed in small containers filled with water in a saturated atmosphere to let them regain their turgor. This procedure, with the modification that the storage to attain full turgor happens at 4°C, has been formalized as a protocol for the measurement of leaf fresh mass (Garnier et al., 2001) . Another frequently used method of attaining full turgor is to float leaf discs on water for 3-24 h (Weatherley, 1950; Barrs, 1968) . This method is widely used in studies of leaf water status (Vostral et al., 2002; Garcia et al., 2007; Levin et al., 2007) . Full turgor can also be ensured by storing leaves between damp paper towels or filter paper, possibly overnight, in a refrigerator (Wilson et al., 1999; Ryser and Urbas, 2000; Vendramini et al., 2002; Prior et al., 2003; Vesk and Westoby, 2004; Güsewell, 2005; Poorter et al., 2006; Fresneau et al., 2007; Niinemets et al., 2007) . Leaves have also been kept fully immersed in water (Galmès, 2007; Saura-Mas and Lloret, 2007) . Vile et al. (2005) suggest that discrepancies between different datasets in meta-analyses may be caused by differences between the methods of rehydrating the leaves.
The aim of the present work was to investigate the constraints of the widely used, but not clearly defined damp-towel method. A rehydration of entire twigs or large leaves with cut ends in water-filled test-tubes or jars overnight in a saturated atmosphere, as the protocol by Garnier et al. (2001) requires, poses strong spatial constraints, especially if the rehydration is done at refrigerator temperatures and with large numbers of plants. This can be impractical, for example, for many wetland graminoids with leaves of well over a metre in length. Floating leaf discs on water is also impractical for many wetland graminoids with thick leaves and large air spaces. Rehydration between damp paper towels is easier, especially when only parts of large leaves are being collected. However, in contrast to the methods of Stocker (1929) and Weatherley (1950) , constraints of the damp-towel method have not been investigated, and the method is usually not precisely described by its users. The leaves are left overnight between damp, wet or moist towels, sometimes in moistened plastic bags. The amount of moisture, and the duration of rehydration are usually not specified in detail. Barrs (1968) described, for the floating leaf disc method, the effect of time and partial collection of leaves on leaf fresh mass in great detail, and compared it with the original method described by Stocker (1929) . The flotation method usually results in larger leaf fresh mass. The fresh mass of leaf discs increases with the time of floating, with a rapid increase during the first few hours, followed by a slow increase during the following days. The latter has been suggested to be due to penetration of water into the intercellular spaces (Ashby and Wolf, 1947: Barrs and Weatherley, 1962) , which also might pose a problem for leaves stored between damp towels.
In order to understand the influence of the conditions in the damp-towel method on the leaf fresh mass obtained, as well as the constraints of this method, the following questions were investigated in the present study. (i) Is there an effect of the degree of dampness of the paper towels on leaf fresh mass? (ii) Is there an effect of time of storage between the damp paper towels on leaf fresh mass? (iii) Can leaves with a water deficit be reliably rehydrated using damp paper towels? (iv) Do answers to the above questions depend on species-specific leaf characteristics?
Furthermore, in a non-saturating atmosphere, as generally found in a research laboratory, fresh leaves continuously lose water, and a measurement of the fully turgid mass requires swift work under protection against desiccation. To quantify potential measuring errors occurring in the laboratory, compared to the effects of storage and rehydration, the change in leaf fresh mass occurring during 1 min on a balance was assessed.
Materials and methods
Species used, collection, and measurements Material from 14 species was collected on 6 July 2004, in wetlands around Sudbury, Ontario, Canada, except for Betula papyrifera (birch) and Vaccinium angustifolia, which were collected on rocky sites (Table 1) . Nomenclature follows Gleason and Cronquist (1991) . Entire shoots were collected, or twigs in the case of birch. The cut surface was wrapped in dripping wet paper towels and put into small plastic bags. The entire shoots were wrapped in plastic bags and transported to the laboratory within the hour, cut again under water, and the cut ends placed in buckets filled with water. The shoots were covered with plastic bags for 12-18 h until used for further processing. The temperature in the room was 18°C.
Next morning, 16 fully developed, young, undamaged leaves of each species were sampled, one leaf per shoot, except in the case of B. papyrifera, Chamaedaphne calyculata, and V. angustifolium with two leaves per shoot. For five species with short leaves entire leaves were measured (Alisma triviale, B. papyrifera, C. calyculata, Lythrum salicaria, and V. angustifolium). Of each of the leaves of the nine graminoid species, one 5-7 cm long piece was taken, at a distance of approximately one-third of the leaf length from the leaf base. Fresh mass of the leaves was measured with a PB 303-5 precision balance with an accuracy of 1 mg, or an MX5 microbalance with an accuracy 1 lg (both Mettler-Toledo, Greifensee, Switzerland), depending on leaf mass.
After measuring the initial fresh mass, the leaves and leaf parts were put in plastic boxes between paper towels of two degrees of moisture, which we call here the wet treatment and the moist treatment. The wet towels had been dipped in water and allowed to drip for about 30 s. The moist towels were allowed to drip for 10 min. The towels were prepared just prior to the first measurement of leaf fresh mass, and stored in sealed plastic boxes until use. The wet Table 1 . The 14 species used in this study
The growth forms are non-graminoid monocots (M), graminoid monocots (G), herbaceous dicots (H), and woody dicots (W).
Growth form Abbreviation

Alisma triviale
W Van and moist towels had an initial water content of 452623% and 27162% (n¼5), respectively, of the paper dry mass. The paper towel used was White Swan Ò Valu 8## Roll Towel (Scott Paper Ltd, Streetsville, Ontario) with specific mass of 30 g m À2 and thickness of 0.11 mm.
The leaves were placed between the towels in 16 plastic boxes with airtight lids (19 cm314 cm35 cm), each containing one of the eight replicate leaves of each species in each moisture treatment in a random order. Each box contained either wet or moist paper towels. A synthetic-fibre scouring pad was placed under the paper towels to allow free drainage of water from the lowermost paper towels.
Leaf fresh mass was measured after 24, 48, and 72 h. At each measurement, the leaves were superficially dried by gently pressing them between dry paper towels, weighed, and immediately placed back between the wet or moist paper towels. Between the measurements the boxes were kept in a refrigerator at 4°C. After the final fresh mass measurement the leaves were dried at 75°C for 24 h in a Thelco Precision mechanical (forced air) convection laboratory oven (Thermo Scientific, Waltham, MA, USA), and their dry mass measured after cooling for at least 1 h in a desiccator.
After 24 h the wet and moist towels contained 337614% and 24267% water, respectively (mean6SE; n¼5). After 72 h these values were 233623% and 15965% (n¼8).
In addition, leaf rehydration after partial drying was investigated. For four graminoid species with contrasting leaf structure, Glyceria striata, Phragmites australis, Sparganium chlorocarpum, and Carex utriculata, an additional set of eight leaves was left for 30 min on a laboratory counter. Their mass was measured before and after the procedure, after which they were handled like the other leaves.
Short-term change in fresh mass under laboratory conditions was investigated with eight of the species. The leaves were left on the balance with a closed hood for 1 min, during which readings of mass were taken after 0, 30, and 60 s. The temperature in the laboratory was 25°C.
Leaf dry matter content (dry mass divided by the initial fresh mass) and fresh-mass-based leaf tissue density (fresh mass per volume) were determined as the species-specific leaf traits. The latter was measured on three to four separate leaves of each species at the day of the initial fresh mass measurement. For the density measurement a pycnometer (25 ml Erlenmeyer form Pyrex Ò specific gravity bottle) was used. Leaf density was calculated based on the difference in mass between a water-filled bottle and a waterfilled bottle containing the leaf. As the volume of the bottle is fixed, the difference between these two measurements is the result of the density difference between the leaf and the water. Interspecific variation in tissue density is mainly driven by variation in leaf air space.
Results
Compared with the initial fresh mass after overnight storage in a saturated atmosphere and standing in water, all species but Iris versicolor under moist conditions showed an increased leaf fresh mass after 24 h storage between wet or moist paper towels ( Fig. 1; Table 2 ). However, even if the effect of storage was highly significant, it was very small. Stored between moist towels, the average increase during 24 h was 1.8% of the initial fresh mass, being over 2% in only four species. The increase in mass was dependent on species, and on moisture treatment. Lythrum salicaria showed the largest increase, 4.95%. Stored between wet towels, the increase was somewhat more than between moist towels, 3.3% in average. In the case of G. striata and Typha latifolia the increase between wet towels was about 8%.
In general, there was no further significant increase in fresh mass between 24 h and 72 h, but the interactions with towel moisture and with species were significant ( Fig. 1; Table 3 ). Under moist treatment, the effect of storage time was minor and there was no average increase Fig. 1 . Relative change of leaf fresh mass (Mass at the given time/Initial mass) after storage between moist and wet paper towels. The three bars for each species show the ratio after 24 (white), 48 (grey), and 72 h (black). For species abbreviations see Table 1 . The error bars indicate one standard error. Note the different y-axes in the two graphs. in mass. Under the wet treatment leaf fresh mass increased by a further 0.5% on average, after 72 h being 3.8% above the initial fresh mass. A major increase over time was found for T. latifolia leaves, the increase during 72 h being 16%.
Under moist conditions, fresh mass increase (the average of all three measurements) did not correlate with either leaf dry matter content or fresh-mass-based leaf tissue density (Pearson correlation, P >0.35, n¼14). However, under wet conditions, the average mass increase correlated significantly negatively with leaf dry matter content (r 2 ¼0.402, P¼0.015, n¼14) and with leaf tissue density (r 2 ¼0.372, P¼0.020, n¼14). Drying for 30 min on the laboratory counter reduced leaf fresh mass of C. utriculata by 7.460.5%, G. striata by 17.460.9%, Phalaris arundinacea by 7.560.4%, and S. chlorocarpum by 5.660.6% (mean 61SE; n¼8). After 24 h storage between the moist or wet towels, the dried leaves had fresh mass values above the initial, predrying values, less than 2% lower than the fresh mass of the undried leaves stored under the same conditions (Table 4) .
Glyceria striata leaves, which had dried the most during the 30 min, had a slightly higher fresh mass than the undried leaves after 24 h storage. In an ANOVA with the ratio of leaf fresh mass after 24 h to initial leaf fresh mass as the dependent variable, the effects of desiccation treatment (P¼0.003), towel moisture (P <0.001), species (P <0.001), and all the interactions were significant (P <0.01), indicating that species and towel moisture influenced the recovery from water deficit.
Leaving the leaves on the balance for 30 s and 60 s led to a fresh mass loss of 0.5% and 1.2% in average, respectively (Table 5 ). The loss ranged from 0.15% (T. latifolia) to 1.4% (L. salicaria) after 30 s, and from 0.3% and 2.5% after 60 s. The effects of time, species (P <0.001), and the species3time interaction (P¼0.002) were significant (repeated measures ANOVA). The relative loss of water during 60 s and the relative fresh mass gain during 24 h between moist towels correlated positively (Pearson correlation, r 2 ¼0.51, P¼0.047, n¼8), mainly driven by the two species with the highest water loss, on balance, having the highest gain during the storage.
Discussion
The sensitivity of leaf fresh mass to short-term fluctuations in environmental conditions and to the method of measurement necessitates a standardized approach to the measurement of this variable to ensure comparability of different datasets (Barrs, 1968; Garnier et al., 2001) . The current data confirm that the measurement of leaf fresh mass is a sensitive variable, but also that, when care is taken to avoid water loss and water penetration to leaf air spaces, the measured values are reliable even after prolonged storage. Storage between moist towels over 24 h changes the fresh mass values by only a few per cent, compared with initial values obtained by placing cut ends of the leaves or twigs in water overnight in a saturated atmosphere. This is a very small effect compared with Table 3 . Statistics of the ANOVA with repeated measures to test the effect of storage time on leaf fresh mass of 14 species
The ratio of the leaf fresh mass at the given time (24, 48, and 72 h) to the initial fresh mass (0 h) was the dependent variable, towel moisture, and species were the independent variables. The ratio was reciprocally transformed (y' ¼ 1/(y-0.97)) to attain normality. Table 2 . Statistics of the ANOVA with repeated measures to test the effect of 24 h storage between wet and moist paper towels on leaf fresh mass of 14 species
Leaf fresh mass was the dependent variable (measured at 0 h and 24 h), towel moisture (moist, wet) and species (n¼14) were the independent variables. The fresh mass values were log-arcsine-transformed to attain normality. intra-or interspecific variation in traits calculated using leaf fresh mass. In the current dataset, for example, leaf dry matter content varied among the 14 species by a factor of three (0.139-0.420 g g
À1
). Many published datasets show similar or larger variation. Storage over 48 h or 72 h between moist towels did not result in significant changes in leaf fresh mass, compared with storage over 24 h.
The observed slight increase in mass after 24 h between moist towels may actually be a recovery from loss of water during initial handling. There is always some loss of water during handling of leaves in dry air, and the observed increase in fresh mass between moist towels was similar in amount to the loss in weight expected to happen during a 1-2 min exposure to laboratory air. Interspecific variation in mass increase during 24 h between moist towels correlated with mass loss on the balance. The two species with the highest measured water loss, L. salicaria and G. striata, had the highest increase in fresh mass of the species for which the loss was measured. The labile fresh mass of these species is probably associated with their leaf characteristics. Lythrum salicaria is known to have high transpiration rates (Fickbohm and Zhu, 2006) , and as a species of moist to wet shady woods G. striata is not well protected against water loss (Dore and McNeill, 1980) . On the other hand, Iris versicolor, the species with the least increase in mass during storage between moist towels, has a waxy waterrepellent surface reducing water loss (Neinhuis and Barthlott, 1997) . These results clearly show that a careful and swift measurement of fresh mass is essential for a correct determination of leaf fresh mass. Otherwise, systematic errors related to leaf structure may arise. The contribution of water loss to errors in measurement of fresh mass and volume of tree stems has previously been described by Yokoi and Kishida (1985) .
The observed increase in fresh mass during storage can also be caused by water uptake beyond the turgid mass. This certainly seems to be the case for some species when stored between dripping wet towels, especially over longer periods, but does not seem to have posed a problem when the towels were merely moist. In that treatment, fresh mass did not increase further after the 24 h measurement. By contrast, in the wet treatment, the mass continued to increase after 24 h, the increase correlating with leaf dry matter content and leaf tissue density. The reason for the increased fresh mass of leaves stored between wet towels was most likely to be penetration of water into the intercellular air spaces of the leaf. Mass increase during storage was most pronounced in species with low tissue density, i.e. species with large intercellular air spaces, and in those with low leaf dry matter content. This phenomenon has been earlier described by Ashby and Wolf (1947) , Barrs and Weatherley (1962) , and Hewlett and Kramer (1963) for leaf discs rehydrated with the floating method. Ashby and Wolf (1947) also found the largest increase in the species with the largest aerenchyma.
The difference in species responses to the two levels of moisture is a clear indication of different mechanisms underlying the mass increase during storage: between moist towels the largest increase was found for species prone to water loss in a dry atmosphere, whereas between wet towels leaf mass increased the most for species with large air spaces.
Rehydration of severely desiccated leaves resulted in fresh mass values which were only slightly different from those of the non-desiccated leaves. The difference of about 2% after 24 h between moist towels was statistically highly significant, but comparatively small in amount. One also has to take into account that our desiccation treatment was quite severe compared with the expected effects in field-grown plants. The fresh mass values were consistently lower in dried plants, possibly as a result of changes in cell wall properties during desiccation (Milthorpe and Spencer, 1957; Weatherley, 1965) . However, G. striata, the species with the most severe water loss during the 30 min, had, after rehydration, a higher water content in desiccated than in non-desiccated leaves, possibly indicating damage to cell walls and/or membranes.
Besides the fresh mass of a leaf, an accurate measurement of its dry mass is required for the calculation of leaf water status or leaf dry matter content. A correct protocol for obtaining the dry mass is as important as that for obtaining the fresh mass (Evans, 1972) .
Conclusions
The strong significance of the observed minor differences in leaf fresh mass shows that storage between moist towels results in highly reliable values for leaf fresh mass. There is an indication that the small increase in weight during the first 24 h of storage was rehydration of leaves which were slightly desiccated during the initial handling. Moist towels also allowed a good recovery from a more substantial water loss. On the other hand, too high a water Leaf fresh mass determination 2465 content of the towels may lead to water penetrating into the intercellular air spaces during storage resulting in erroneously high leaf fresh mass values, especially in species with large leaf air spaces. This can also be a potential problem when floating leaf discs on water, or storing leaves in jars filled with water. The results emphasize the extreme importance of minimizing the exposure of leaves to non-saturated air prior to the measurement of leaf fresh mass, and point to a potential bias in leaf fresh mass if air spaces are allowed to be filled with water.
